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Abstract Mismatched DNA annealing followed by strand replication
can cause the programmed evolution of DNA sequences. We have reported
that this process is theoretically equivalent in computational power to a desk-
top computer by demonstrating a constructive way to encode arbitrary com-
putations as DNA molecules within the framework of programmed mutagene-
sis, a system that consists solely of cycles of DNA annealing, polymerization,
and ligation.»® Thus, programmed mutagenesis is theoretically universal and
we report here the experimental efficiency of its primitive operations. The
measured efficiency of an in vitro programmed mutagenesis system suggests
that segregating the products of DNA replication into separate compartments
would be an efficient way to implement molecular computation. For computer
science, using single DNA molecules to represent the state of a computation
holds the promise of a new paradigm of composable molecular computing.
For biology, the demonstration that DNA sequences could guide their own
evolution under computational rules may have implications as we begin to
unravel the mysteries of genome encoding and natural evolution.
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puting, String Rewrite Systems, Turing Machines.

§1 Introduction

Existing work on DNA computing can be categorized as practical systems
with limited computational power, theoretical systems that are not presently re-
alizable, or practical systems that are universal, but not composable. A generate-
and-test style approach was used to solve a directed Hamiltonian path problem®
and was generalized to other problems in NP,® but is not universal. Circuit
simulations® may be universal, but are not composable, unless a unique DNA
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sequence is used for each bit position. Autonomous string systems based on
hairpin formation®™ posses interesting computational behaviors, but are nei-
ther composable, nor universal. Insertion/deletion systems®® are theoretically
universal, but enzymes with required activities are not presently known. Both
splicing systems and sequential mutagenesis of DNA that require sequence spe-
cific separations are theoretically universal **~** but have not been demonstrated
to be realizable. DNA tiling systems are universal,'® and certain proposed im-
plementations can be composable, but the one implemented to date'® is not.
We will call a computing system composable when a first computation results
in a single molecule that can be used directly by a second computation as input
without modification.

Programmed mutagenesis is a nucleic acid computational system that is
both universal and composable and for which some experimental progress has
been demonstrated. Programmed mutagenesis'® is an in-vitro mutagenesis tech-
nique based on oligonucleotide-directed mutagenesis’™ which produces sequence
specific rewriting of DNA molecules. Like oligonucleotide-directed mutagenesis,
programmed mutagenesis does not mutate existing strands of DNA, but instead
uses DNA polymerase and DNA ligase to create copies of template molecules,
where the copies have engineered mutations at sequence specific locations. Every
time a programmed mutagenesis reaction is thermal cycled a rewriting event oc-
curs. Because the technique relies on sequence specific rewriting, multiple rules
can be present in a reaction at once, with only certain rules being active in a
given rewriting cycle. Furthermore, the ability for the system to accommodate
inactive rules allows it to proceed without human intervention between cycles.
Programmed mutagenesis systems are composable because the output from one
computation can be directly used as input to a second computation.

§2 Unary Counter

An example programmed mutagenesis system that implements a unary
counter is shown in Fig. 1. The template (I) contains an encoding of a series
of symbols XZZZZZ embedded in a noncoding region. The machine is called a
unary counter because we can think of the counter as being incremented every
time the system is thermocycled. We say that the number of symbols other
than Z (i.e. X and Y) in the coding region minus one is the current count in
the counter. Thus, template I carries the count of zero, since it contains one
symbol other than Z. Every mutagenic cycle rewrites another Z into either X or
Y, incrementing the counter by one.

The entire region is cloned into a plasmid using Eco RI and Hind III
restriction enzymes. The outer primer MLP is part of the noncoding region and
the outer primer MRP is a part of the plasmid sequence. Each symbol used in the
system (X, Y, and Z) is encoded by a 12-nucleotide long sequence of DNA. The
actual encodings used for these symbols are shown in Fig. 2. The bases at which
encodings are mismatched are indicated. X and Y both differ from Z by two
mismatches and from each other by 4 mismatches. The system was designed such
that any oligonucleotide binding with two or fewer mismatches would be able
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Fig.1 Schematic representation of the unary counter. M1
and M2 are mutagenic rule oligonucleotides; MRP and
MLP are perfectly matched outside oligonucleotides.
Note that a rule incorporated in the previous cycle be-
comes part of the template for the following cycle. Bold
arrows denote the transitions which carry the compu-
tation forward. Also shown are the events which lead
to creation of the characteristic bands for each cycle.
These characteristic bands are the results of failed lig-
ation events, so named because they represent the re-
sult of a failed ligation of the successful extension of
the perfectly matched outside primer to the successful
extension of the mutagenic rule oligonucleotide.
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Fig.2 Encodings of the symbols used in implementing the
unary counter machine in Fig. 1. All sequences are
given in the 5-to-3’ orientation, and mismatch loca-
tions are indicated.
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to bind, extend, and be ligated to, and any oligonucleotide binding with more
than two mismatches would not be able to interact with the template. Mismatch
locations were designed to minimize the opportunity for inappropriate binding
and to negate the ability of an oligonucleotide bound with four mismatches to
be ligated to. This was possible because of the requirements on the alignment
of the oligonucleotides introduced by enzymes used in this experimental system.

The DNA sequences for the system we are testing have been selected using
the SCAN program'® to search a large sequence space constrained by chosen
mismatch geometry. SCAN chooses sequences that have optimum annealing
properties, lack harmful secondary structure, and do not form primer dimers.
We chose fairly strict thermodynamic constraints in order to prevent inappro-
priate binding of the rule oligonucleotides, as well as any undesirable interaction
between primers. Nevertheless, the search space remained too large, and needed
to be further constrained. As mentioned above, we chose to constrain that space
by defining the geometry of mismatches for the rewrite rules.

Each oligonucleotide able to anneal in the system is expected to be ex-
tended by the polymerase to the end of the available template or until a product
of another extension is encountered. When one strand is extended to encounter
another oligonucleotide positioned on the template, a ligation event is expected
to occur. Ligation is not 100% efficient, and results of failed ligations are ex-
pected and are termed characteristic bands of a particular cycle. Such charac-
teristic bands, as well as full-length products are illustrated in Fig. 1.

As discussed above, failed ligations result in characteristic products. We
designed the system such that all these characteristic products have unique and
easily distinguishable lengths. We use the appearance of these unique length
products to judge whether a cycle of mutagenesis has indeed taken place. Be-
cause all these products have unique lengths, and the appearance of characteris-
tic products of cycle n always precedes the appearance of characteristic products
of cycle n+ 1, we did not feel it was necessary to clone and sequence these prod-
ucts to definitively verify their identity. A more complete study would perhaps
undertake this cloning effort in addition to the characteristic length verification.

Mutagenic oligonucleotide M1 participates in creating a first cycle product
(II) that contains a different sequence than the first cycle template (I). This
change permits mutagenic oligonucleotide M2 to bind to product II in cycle two,
producing another new product III that incorporates M2. Product III contains
a sequence that permits oligonucleotide M1 to bind in a yet another location in
the third cycle yielding product IV.

Thus a sequence of related novel products (II — III — IV) is created in a
specific order. Outer primers and ligation are used to create full-length products,
and all of the enzymes used in the system are thermostable which allows the
system to be thermal cycled for progress. We recently answer the question of
the computational power of such a system, by showing that it is theoretically
universal.” Here we examine the practical feasibility of the underlying specific
annealing, polymerization, and ligation operations.

Programmed mutagenesis relies on mismatches in rewrite rules to se-
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quence program steps. Our abstract model of programmed mutagenesis uses
the number of mismatches as a sole determining factor of the ability of a primer
(rewrite rule) to bind, extend, or ligate to related DNA sequences. We do not
model all of the secondary factors that influence these processes in part because
there is not enough information to construct a reliable model, but primarily
because mathematical insight would be impossible in an overly detailed model.

In programmed mutagenesis, we represent states and symbols by nu-
cleotide sequences and enact state transitions by primer extension reactions.
Note that rules become part of the template for the next cycle. Thus, the pro-
grammed mutagenesis rules do not take the form of antecedent — consequent,
but rather are consequents searching for any antecedent that is within a certain
number of mismatches.

The challenge in creating an encoding for any programmed mutagenesis
system lies in the need to find a set of DNA sequences that has the right mismatch
matrix, i.e. a set of sequences such that the distances in mismatches between
any two are as required by the formal model of the system. It is not a priori
obvious that sufficiently complex relationships can be designed. Moreover, to
encode target machines, it is often advantageous to expanded the encoding to
generate a larger mismatch matrix, but one whose requirements can be satisfied
by real DNA sequences.

The sequential rules in our model act on complementary strands of DNA
(8'-to-5" for cycles one and three and 5'-to-3’ for cycle two), and we use this
property to ratchet the computation forward. Thus the encoding we present
will advance from step to step without going backwards. A programmed muta-
genesis system can be made error-tolerant by increasing the length of its rules,
permitting one or more error bases to be corrected on the next rewrite cycle.

§3 Results

We now turn to the practicality of the primitive operations of a pro-
grammed mutagenesis system. We have constructed the unary counter machine
shown in Fig. 1, and have operated it through three cycles to gather efficiency
data. We have previously demonstrated that the primitive operations required
for programmed mutagenesis are functional.’® That experiment used a system
similar to the one explored here, but operated it only through the first two cycles
of mutagenesis, and in the absence of the outside primer MLP.

The cycle reactions contained 0.02 uMolar of M1 and M2 oligonucleotides,
~0.2 uMolar of double stranded template DNA, Taq thermostable ligase (40 U)
(NEB, #MO0208), Vent thermostable polymerase (0.25 U) (NEB, #M0254), 0.2
uMolar of outer primers, and 1X ThermoPol buffer (NEB) supplemented with
1ImM NAD. These reactions were thermal cycled for 1 minute at 94C, and 30
minutes at 45C for the indicated number of cycles.

Figure 3 shows a representative sample of our experimental data. To es-

timate the amount of products designated by II, III, and IV in Figure 1 we
2P end-labeled M1 (for II and IV) and M2 (for III). Failed ligations produce

products of characteristic lengths. The results of the reactions were run on poly-
acrylimide denaturing gels, and bands were quantiated on a phosphoroimager.
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Because in cycle three the full-length band is a mixture of product IV and
a shortened version of product II (as illustrated by the diagrams 7 and 6 in Fig. 3,
respectively), it is impossible to directly ascertain that cycle three has occurred,
or what the efficiency of that cycle is, from the full-length product. However,
both the characteristic product of cycle three (diagram 8 in Figure 3) and the
coloring of the characteristic product of cycle two (diagram 10 in Figure 3)
are present, and indicate that cycle three has indeed taken place. We directly
quantiated the amount of product in the characteristic band of cycle three,
and estimated the amount of product IV present by assuming that the ligation
efficiency of the third cycle is the same as that in the first cycle.

Because reactions proceed for the indicated number of cycles, while radio-
labeled oligonucleotides are present in the reactions from the start, it is expected
that the products of earlier cycles will accumulate as the reaction proceeds.
Thus, it is expected and observed that characteristic bands of a particular cycle
will be fainter than the bands which account for the product which has been
accumulating in the reaction through the previous cycles.

We measured the amount of product in each band on the gel and calcu-
lated efficiencies of the latter cycles based on the amount of full-length product
produced in the previous cycle. Because the unary counter operates serially
through the cycles, we have to consider the amount of product II to be 100% of
the template available for the second cycle, and the amount of product III to be
100% of the template available for the third cycle.

The results showed that 5.4% of template I is converted to the characteris-
tic product of cycle one (diagram 2 in Fig. 3), and 0.5% is converted to product II
(diagram 1 in Fig. 3) in cycle one, resulting in an 9% ligation efficiency for cycle
one. In cycle two, 0.07% of the label is found in the product III band (diagram
3 in Fig. 3), which corresponds to 12.7% of product II created in cycle one. In
cycle three, 0.05% of the label is found in the characteristic band of cycle three
(diagram 8 in Fig. 3), which corresponds to 35% of product III created in cycle
two. The latter number is calculated by assuming that every strand present in
the characteristic band incorporated M1 rewrite rule at both the first and third
cycle positions, as illustrated in diagram 8 in Fig. 3. If that is the case, than
each strand is double labeled, and we assumed that for our calculations. How-
ever, it is possible that some of the strands in the band include M1 only in the
third cycle position, and are single labeled. Thus, the estimate of 35% above is
the lower bound. Assuming that the estimate is correct, and assuming that the
ligation efficiency of the third cycle is the same as that of the first, we calculate
that 3.5% of product III is converted to product IV (diagram 7 in Fig. 3) in the
third cycle. In addition, no product III was generated in the cycle two negative
control (NC) reaction in the absence of primer M1 and the presence of M2.

We have shown here that unary counter operates through three cycles of
mutagenesis with increasing efficiency, but decreasing overall yield. The increase
in efficiency in cycles two and three is expected. This is because in template I the
coding region is embedded in a 3kb plasmid, and the oligonucleotides used in the
system have to compete for binding spots with the long template annealing back
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Fig.3 Operation of the unary counter machine through cycles
1, 2, and 3, plus negative control (NC). Oligonucleotide

M1 is end-labeled with 32P in Cycles 1 and 3, while
M2 is labeled in Cycle 2 and negative control. This is a
polyacrylimide denaturing gel. Diagrams represent the
products contained in the corresponding bands. Band
labeled 3 is the full-length product of Cycle 2 (and
the template for Cycle 3), designated by III in Fig. 1.
Band labeled 8 is the characteristic length product of
Cycle 3, produced when the product of extension of
MRP fails to ligate to the product of extension of the
mutagenic primer M1 annealed in the 3rd cycle loca-
tion. The band of about 40 bp present in all lanes is
the byproduct of oligonucleotide manufacturing. The
band, of approximately double the size of the oligonu-
cleotide, is present even when labeled oligonucleotides
are run on a gel by themselves, with no template avail-
able. Other bands as illustrated.

on itself. Similar difficulties are not expected for the advanced cycles, resulting
in the increased efficiency. However, the amount of product produced in the
first cycle is such, that the yields of advanced cycles, even with the increased
efficiency are low.

84 Conclusion

We have shown that the basic operations of programmed mutagenesis,
which is a universal model of computation, are functional, although the yield
is low. The major impediment to continued cycling of the machine is that as
long as template I is present, its products will increase exponentially with cycle
number. However, if the Watson and Crick strands resulting from each DNA
replication are separated into different compartments, then the compartment
that receives product II will only contain a single computational state and thus
will not repeat earlier computational steps. In-vivo programmed mutagenesis
might be an effective way to computationally evolve DNA sequences and could
potentially assist in sequence specific control of cellular function. It is also pos-
sible that gene conversion events and other natural systems for DNA evolution




314

J. Khodor and D. K. Gifford

could implement a more complex computational substrate than is now under-

stood.
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